Hematopoietic stem cells (HSCs) have the capacity to self-renew and continuously differentiate into all blood cell lineages throughout life. At each branching point during differentiation, interactions with the environment are key in the generation of daughter cells with distinct fates. Here, we examined the role of the cell adhesion molecule JAM-C, a protein known to mediate cellular polarity during spermatogenesis, in hematopoiesis. We show that murine JAM-C is highly ex-pressed on HSCs in the bone marrow (BM). Expression correlates with selfrenewal, the highest being on long-term repopulating HSCs, and decreases with differentiation, which is maintained longest among myeloid committed progenitors. Inclusion of JAM-C as a sole marker on lineage-negative BM cells yields HSC enrichments and long-term multilineage reconstitution when transferred to lethally irradiated mice. Analysis of Jam-Cdeficient mice showed that two-thirds die within 48 hours after birth. In the surviving animals, loss of Jam-C leads to an increase in myeloid progenitors and granulocytes in the BM. Stem cells and myeloid cells from fetal liver are normal in number and homing to the BM. These results provide evidence that JAM-C defines HSCs in the BM and that JAM-C plays a role in controlling myeloid progenitor generation in the BM. (Blood. 2009; 
Introduction
There is increasing evidence that interactions of stem cells with the environment are key in maintaining the balance between self-renewal and differentiation. Adult hematopoietic stem cells (HSCs) reside in a special microenvironment known as the "niche," which provides extrinsic regulatory signals that control intrinsic genetic programs required for HSC function. [1] [2] [3] A number of cell-surface molecules on HSCs have been shown to regulate the maintenance of HSCs. Among others, these include bone morphogenic proteins, 4 Ca-sensing receptor, 5 Notch, [6] [7] [8] ␣4, 9 and Tie2. 10 In addition, transcription profiling of the most primitive HSCs has identified cell junction proteins, which were previously not implicated in stem cell functions, to be differentially expressed [11] [12] [13] ; moreover, adhesion and junction complexes have been proposed to trigger molecular signals, influencing the balance between self-renewal and differentiation. 14 The junctional adhesion molecule JAM-C is a member of a family of adhesion molecules belonging to the immunoglobulin (Ig) superfamily. JAM-C was found to be expressed on a number of different cells such as endothelial [15] [16] [17] and epithelial cells, 18 fibroblasts, 19 smooth muscle cells, 20 spermatids, 21, 22 and peripheral nerves. 23 Expression of JAM-C on platelets 24 and lymphocytes 16, 25 is restricted to human tissue. JAM-C interacts via its ectodomain homotypically 26, 27 and heterotypically with the integrins ␣ M ␤ 2 and ␣ X ␤ 2 18,24 , JAM-B, 16, [28] [29] [30] and the viral receptor CAR. 21 Through the c-terminal PDS95/Dig/ZO-1 (PDZ) domainbinding motif, JAM-C associates with the PDZ domain containing proteins ZO-1, Par-3, Par-6, PATJ, and PICK-1, 22, 31, 32 and localizes to cell-cell junctions. 17, 19, 20, 33, 34 The broad expression and variety of counterreceptors suggests that JAM-C regulates heterotypic cell-cell interactions, such as leukocyteendothelial interactions in the immune system, as well as homotypic cell-cell interactions, such as cellular junctions in endothelial and epithelial cells. [35] [36] [37] [38] [39] Blocking of JAM-C function inhibits leukocyte migration in several in vivo models of inflammation, 18, 25, 34, [40] [41] [42] [43] leukocyteplatelet interactions, 24, 44 and neovascularization in models of angiogenesis, a process that requires remodeling of endothelial junctions. 33, 45 JAM-C may also be necessary for the formation and maintenance of different cell junctions as it colocalizes at cell-cell contacts with adherence and tight junction proteins. 19, 33, 46, 47 JAM-C-mediated cell polarization has been proposed as the underlying mechanism for its functions. 39 JAM-C directly associates with the cell polarity protein PAR-3, targeting it to tight junctions. 31 Furthermore, JAM-C-mutant mice are infertile due to a defect in spermatid differentiation, which requires polarization of round spermatids. 22 JAM-C appears to be essential for the assembly of a cell polarity complex containing PAR-6, aPKC, PATJ, and the small GTPase Cdc42 that ensures elongation and maturation of spermatids.
Here, we investigate the role of JAM-C in hematopoiesis. We demonstrate that JAM-C is expressed on hematopoietic progenitors and that expression levels decrease with loss of self-renewal and increased differentiation. Deletion of Jam-C in mice resulted in increased bone marrow (BM) cellularity caused by an increase in myeloid progenitors and granulocytes. Our phenotypic analysis combined with in vitro and in vivo characterization provides evidence that JAM-C is involved in the differentiation of HSCs into myeloid progenitors.
Methods

Mice
Female C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). The congenic strain Igha B6 Ptprca B6.SJL used for transfer experiments was generated by crossing B6.SJL-Ptprca Pepcb/ BoyJ with B6.Cg-Igha Thy1a Gpi1a/J (The Jackson Laboratory, Bar Harbor, ME). Jam-C Ϫ/Ϫ mice were generated by Lexicon Genetics (Woodlands, TX) by homologous recombination. Gestational age of heterozygous pregnancies was determined by detection of the vaginal plug as embryonic day (E) 0.5. All animals were housed in microisolators in a specific pathogen-free facility. Animal experiments were approved by the Institutional Animal Care and Use Committee of Genentech.
Reagents JAM-C-specific antibodies were generated by Josman (Napa, CA). In brief, rabbits were immunized with recombinant his-tagged murine JAM-C ectodomain. JAM-C reactive antibodies were obtained from the bleeds by affinity purification.
Cell isolation
BM cells were obtained from mouse femurs and tibia by flushing the central cavity with Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS). Blood was collected from anesthetized mice by cardiac puncture and transferred to heparin-coated tubes (Sarstedt AG & Co, Nümbrecht, Germany). Red blood cells were lyzed in ACK buffer (Biosource Invitrogen, Camarillo, CA). For enrichment of early thymic progenitors, samples were depleted of single-and double-positive thymocytes by anti-CD4 (L3T4) and anti-CD8a (Ly-2) coupled magnetic beads (Miltenyi Biotec, Auburn, CA). Fetal livers (FLs) were dissected from E14.5 embryos.
Flow cytometric analysis and cell sorting
Purified cells were resuspended in phosphate-buffered saline (PBS) containing 10% FCS and 10% mouse serum. Fc receptors were blocked with anti-CD16/CD32 (2.4G2; BD Pharmingen, San Diego, CA) and mouse serum IgG (Caltag Laboratories, Burlingame, CA). For staining of granulocytemacrophage progenitor (GMPs) and megakaryocyte-erythroid progenitor (MEP) biotin-labeled anti-CD16/32 was used for blocking. Surface expression of JAM-C was detected by staining with rabbit anti-murine JAM-C followed by PE-conjugated anti-rabbit F(abЈ) 2 secondary reagent (Jackson ImmunoResearch Laboratories, West Grove, PA). Lineage-negative cells were identified by staining with the biotin-or FITC-conjugated mouse lineage panel (BD Pharmingen). For analysis of FL, CD11b was excluded from the lineage mix and replaced with CD5 (53-7.3), CD4 (GK1.5), and CD8-biotin (53-6.7). Additional antibodies used were c-Kit (2B8), Sca-1 (E13-161.7), Flt3 (A2F10.1), Thy1.2 (53-2.1), IL7R␣ (A7R34), CD34 (S7), Fc␥RII/III (2.4G2), C1qRp (AA4.1), B220 (RA3-6B2), CD3⑀ (145-2C11), Gr-1 (RB6-8C5), CD11b (M1/70), Ly-76 (Ter119), and CD45.2.(104) All biotin-conjugated or directly conjugated fluorescent antibodies used were purchased from eBioscience (San Diego, CA) or BD Pharmingen. Biotinconjugated antibodies were visualized with either PerCP-streptavidin (BD Pharmingen), or Pacific Blue-streptavidin (Molecular Probes, Eugene, OR). Propidium iodide (Molecular Probes, Eugene, OR) was added for exclusion of dead cells. Cells were analyzed on a 3-laser FACSscan (Cytek Development, Fremont, CA), or on a LSRII (BD Biosciences, San Jose, CA). Cells were sorted on an Aria (BD Biosciences). Data were analyzed with FlowJo (TreeStar, Ashland, OR).
In vitro culture analysis
For cloning efficiency assessment, cells were seeded in round-bottom 96-well plates in Iscove modified Dulbecco medium (IMDM; Biosource Invitrogen, Camarillo, CA) supplemented with 15% FCS (Sigma-Aldrich, St Louis, MO), recombinant human (rh) insulin (Sigma-Aldrich), human transferrin (Serologicals, Billerica, MA), 2 mM glutamine (Gibco Invitrogen, Grand Island, NY), penicillin and streptomycin (Gibco Invitrogen), 50 M mercaptoethanol (Gibco Invitrogen), 1% bovine serum albumin (BSA; Calbiochem, La Jolla, CA), 10 ng/mL recombinant murine (rm) IL-3, 10 ng/mL rmIL-6, 50 ng/mL rmSCF (PeproTech, Rocky Hill, NJ), 2.5 g/mL human erythropoietin (hEPO; Research Diagnostics Inc., Concord, MA). Colony growth was assessed after 10 days of culture at 37°C and 5% CO 2 . Methylcellulose cultures were initiated in 35-mm culture dishes with the indicated populations of cells purified by flow cytometry or with BM-and FL-derived single-cell suspensions. Cells were plated into duplicate dishes containing Methocult GF M3434 (StemCell Technologies, Vancouver, BC). Colonies were scored and phenotyped on an invertedphase microscope after 10 days in culture.
Transplantation and engraftment assays
For BM transplantation experiments, the indicated number of sorted BM cells from C57BL6 mice together with 2 ϫ 10 5 host-type BM cells were injected intravenously into the tail veins of lethally irradiated (12 Gy [1200 rad]) congenic B6/SJL mice. Peripheral blood was obtained from the tail vein at the indicated time points and analyzed by flow cytometry. For FL engraftment, 1 ϫ 10 6 FL cells from E14.5 Jam-C Ϫ/Ϫ or Jam-C ϩ/ϩ embryos were injected. After 8 weeks, the animals were humanely killed, and BM was harvested and analyzed for extent of reconstitution. Donor-derived cells were distinguished from host cells by the expression of different CD45 (Ly5; ptprc) antigen.
Genotyping
Mice were genotyped by polymerase chain reaction (PCR). In brief, genomic DNA was extracted from mouse tail clips or yolk sacs of embryos and used for subsequent PCR with ReadyAMP polymerase mix (Sigma-Aldrich) for 30 cycles: 95°C for 60 seconds 60°C for 60 seconds. The primers used for wild-type allele amplification were 5Ј-TCA CAT TCC CCT CGA CAT GGC-3Ј (p1) and 5Ј-ATC TGC CAC GGT CCT TCT AGA G-3Ј (p2), which yielded a 347-bp product. The primers used for mutant allele amplification were 5Ј-TCA CAT TCC CCT CGA CAT GGC-3Ј (p1) and 5Ј-GCA GCG CAT CGC CTT CTA TC-3Ј (p3), which yielded a 412-bp product.
RT-PCR
Total RNA was isolated from testis with the RNeasy kit (QIAGEN, Valencia, CA) and reverse-transcribed using murine leukemia virus reverse transcriptase (MuLV-RT; Applied Biosystems, Foster City, CA). cDNA was amplified using Advantage polymerase mix (Clontech, Mountain View, CA) for 37 cycles: 95°C for 60 seconds and 62°C for 60 seconds (JAM-C) or 66°C for 60 seconds (actin) and 68°C for 30 seconds. The following primer sequences were used for JAM-C: 5Ј-GAA GAT CTT CAC CAT GGC GCT GAG CCG G-3Ј and 5Ј-CCA TCG ATG GTC AGA TAA CAA AGG ACG ATT TG-3Ј (956 bp); and actin: 5Ј-CCA TGG ATG ACG ATA TCG CTG CGC TGG TCG-3Ј and 5Ј-CCT AGA AGC ACT TGC GGT GCA CGA TGG AGG-3Ј (1135 bp).
Western blot
The testis was homogenized in lysis buffer (0.5% TX-100, NaCl, and protease inhibitors) and the lysates were separated on 4% to 10% Tris-glycine gels (Invitrogen, Carlsbad, CA), transferred onto nitrocellulose membranes (Invitrogen) and immunoblotted with rabbit anti-JAM-C or mouse anti-␤-actin (Abcam, Cambridge, MA), followed by secondary horseradish peroxidase (HRP)-labeled anti-rabbit or anti-mouse antibodies (Jackson ImmunoResearch), and visualized by SuperSignal West Pico chemiluminescent (Pierce, Rockford, IL).
IHC and IF
Staining was performed on 5-m-thick frozen sections of mouse testis fixed in acetone. For immunohistochemistry (IHC), endogenous peroxidase was quenched by glucose oxidase, and biotin was blocked with an avidin-biotin blocking kit (Vector Laboratories, Burlingame, CA). After blocking, the sections were incubated with anti-JAM-C at 0.1 g/mL, followed by biotinylated goat anti-rabbit IgG secondary antibody (Vector Laboratories). Staining was visualized using Vectastain ABC Elite reagents (Vector Laboratories), followed by metal enhanced diaminobenzidine (Pierce, Rockford, IL). Slides were counterstained with Meyer hematoxylin, dehydrated, and mounted. For immunofluorescence (IF), sections were stained with DAPI (Molecular Probes, Invitrogen) and coverslipped with ProLong Gold (Invitrogen).
Hematology
Blood was analyzed with an automated cell counter (Abbott CellDyn 3700; Abbott, Abbott Park, IL). E18.5 or postnatal (P) day 1 (P1) bleeds were analyzed with a hematology analyzer (scil Vet abc; scil animal care company, Gurnee, IL) and differential counts were determined by manual scoring of blood smears. White blood cell counts were adjusted to the number of nucleated red blood cells present.
Statistics
Statistical significance of the difference between groups was calculated by one-way analysis of variance (ANOVA) with a t test assuming equal variance using JMP (SAS, Cary, NC). All P values less than or equal to .05 are considered significant and are indicated in the text.
Results
JAM-C expression on hematopoietic progenitors
HSCs are found within the lineage-negative (Lin Ϫ ) fraction of the BM and can be further identified by expression of high levels of 2 other markers, the c-Kit receptor and stem cell antigen-1 (Sca-1). 48, 49 HSCs have been named LSK cells based on the expression pattern of these markers: Lin Ϫ Sca-1 ϩ c-Kit ϩ . HSCs differentiate into common lymphoid progenitors (CLPs), giving rise to the natural killer (NK) cell, T-cell, and B-cell lineages, 50 or common myeloid progenitors (CMPs). CMPs differentiate into GMPs and MEPs, 51 giving rise to granulocytes and monocytes, or megakaryocytes, and erythrocytes, respectively.
To address a potential role of JAM-C during hematopoiesis, we performed flow cytometric staining of HSCs. JAM-C is expressed on approximately 12% of Lin Ϫ cells but not on Lin ϩ cells in adult BM ( Figure 1A ). Within the lineage-negative population, JAM-C is highly expressed on LSK cells ( Figure 1B ). Staining of BM with lineage markers showed that JAM-C is not expressed on cells committed to specific lineages ( Figure 1C ). Although most adult HSCs reside in the BM, they can also be found in the peripheral blood. HSCs in the blood have the capacity to reengraft functional BM niches at distant sites. 52 In addition, it has been proposed that LSK cells in the blood have efficient T-lineage potential and are able to seed the thymus. 53 Thus, we examined the levels of JAM-C expression on HSCs in the blood and spleen, as well as in the thymus. JAM-C expression levels are decreased on LSK cells in the blood and spleen and almost absent on LSK cells in the thymus ( Figure 1D ), indicating that high levels of JAM-C expression are specific for HSCs in the BM.
The population of LSK cells in the adult BM is composed of stem cells with different self-renewing potential: long-term repopulating HSCs (LT-HSCs) and short-term repopulating HSCs (ST-HSCs) as well as nonrenewing multipotent progenitors (MPPs). 54, 55 LT-HSCs showed the highest level of JAM-C expression ( Figure  1E ). The expression level gradually decreased as stem cells lost their self-renewal potential and became lineage committed ( Figure  1F ). A total of 19% of CMPs express low levels of JAM-C compared with 11% of CLPs. The percentage decreased further in the more mature GMP and MEP populations to 7% and 9%, respectively. These results indicate that JAM-C expression levels correlate with self-renewal and differentiation potential of HSCs, which are highest on LT-HSCs, and that expression is maintained longer among myeloid progenitors.
Colony-formation of JAM-C-expressing BM-derived cells
Although JAM-C expression is highest on LT-HSCs, analysis of the expression of the stem-cell markers Sca-1 and c-Kit on sorted JAM-C ϩ cells showed that the population is composed of stem cells and progenitors at different levels of differentiation. About 46% are LSK cells expressing high levels of c-Kit and Sca-1 (Figure 2A ). Another 32% had high levels of c-Kit and low levels of Sca-1 and could therefore be classified as CMPs. A total of 3% had intermediate levels of c-Kit and Sca-1, which corresponds to CLPs, and 12% did not express either, which could reflect other cells present in the BM such as endothelial and/or stromal cells.
To determine if JAM-C expressing cells are HSCs with self-renewal capacity, we sorted Lin Ϫ cells from the BM into 4 populations: a Lin Ϫ population, including all progenitor cells; a Lin Ϫ /JAM-C Ϫ population depleted of JAM-C-expressing progenitors (JAM-C Ϫ ), a Lin Ϫ /Sca-1 ϩ /c-Kit ϩ population enriched in stem cells (LSK), and a Lin Ϫ /JAM-C ϩ population enriched in stem cells and early progenitors (JAM-C ϩ ; Figure 2B ). Cells were sorted at a density of one cell per well into 96-well plates. After 10 days in culture, the number of wells with colonies was assessed ( Figure  2C ). Plating efficiency of JAM-C ϩ was 20%, about half of the LSK population, which had a plating efficiency of 50%. This correlates with the fluorescence-activated cell sorter (FACS) analysis, which showed that only 46% of JAM-C ϩ cells express high levels of the stem cell markers c-Kit and Sca-1 and correspond to LSK cells. Sorting on JAM-C-expressing cells within the Lin Ϫ population doubled the plating efficiency (P ϭ .002). The number was low in the Lin Ϫ and JAM-C Ϫ populations, reaching plating efficiencies of about 10% and 6%, respectively. This result indicates that the JAM-C ϩ population is composed of stem cells that have the ability to self-renew as well as progenitors that do not self-renew under the provided conditions. We next analyzed the in vitro differentiation potential of the sorted populations by comparing their colony-forming ability in methylcellulose. The generation of colonies with a single lineage is indicative of a more mature progenitor cell producing one lineage. In contrast, the presence of multilineage colonies is indicative of more immature progenitor cells with the capacity to differentiate into multiple lineages. The colonies growing from the Lin Ϫ population were composed of a similar percentage of singlelineage colonies (40%) and multilineage colonies (60%). Depleting the Lin Ϫ population from cells expressing JAM-C lead to a decrease in multilineage colonies (30%; P Ͻ .001; Figure 2D) , indicating that this population is depleted of more immature progenitors that give rise to multilineage colonies. In contrast, including JAM-C as a marker in the sort increased the frequency of multilineage colonies (80%; P ϭ .002), suggesting that JAM-C identifies progenitors within the Lin Ϫ population that are more immature and have multilineage potential. Both the JAM-C ϩ and LSK sorted populations give rise to similarly differentiated colonies composed to a large extent of multilineage colonies (80%). These data suggest that the JAM-C ϩ population is enriched in early progenitors with multilineage potential, and that inclusion of JAM-C in the Lin Ϫ sort leads to an increase in immature progenitors.
Lineage potential of JAM-C-expressing BM-derived cells
To determine the in vivo lineage potential of the sorted JAM-C ϩ population, we compared their repopulation potential with that of the JAM-C Ϫ and LSK populations. Sorted cells from B6 mice were injected intravenously into lethally irradiated B6.SJL hosts along with host-type BM. The repopulation capacity was assessed by the donor cell contribution to myeloid and lymphoid lineages in the peripheral blood measured by flow cytometry. Transfer of JAM-C ϩ cells resulted in a slightly elevated level of chimerism as transfer of LSK cells, assessed by the percentage of CD45.2 ϩ cells in the blood ( Figure 3A ; Table S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). In contrast, the transfer of JAM-C Ϫ cells resulted in a low and transient wave of donor-derived immune cells. Using JAM-C as a marker on lineage-negative BM cells leads to the purification of HSCs that efficiently reconstitute lethally irradiated mice in the long term.
The JAM-C ϩ population gave rise to a sustained production of T cells, B cells, and myeloid cells, indicating that like LSK subsets, the JAM-C ϩ population is composed of HSCs ( Figure 3B) . Compared with the LSK population, JAM-C ϩ cells showed a slower B-cell reconstitution potential at week 5 (P ϭ .004) and a wave of increased granulocyte production at week 10 (P ϭ .003). This observation is in agreement with our earlier finding that the JAM-C ϩ population contains 32% of Lin Ϫ /Sca-1 Ϫ /c-Kit ϩ cells with myeloid potential. The presence of non-self-renewing myeloid progenitors in the transferred population could lead to a transient increase in granulocytes. All of the mice receiving JAM-C ϩ cells had donor-derived granulocytes at more than 5 weeks, and between 60% and 100% of the mice continued to have long-term granulocyte chimerism (Table S1 ). In contrast, only up to 20% of the mice receiving JAM-C Ϫ cells showed long-term granulocyte chimerism at very low levels. The JAM-C ϩ population is composed of HSCs that produce all blood cell lineages long term, and nonrenewing myeloid progenitors.
Mice deficient in JAM-C
To analyze the role of JAM-C in hematopoiesis, we obtained Jam-C Ϫ/Ϫ mice from Lexicon Genetics that were generated by deletion of exon 1 through homologous recombination ( Figure  S1A ). Deletion of the gene was confirmed by PCR-based genotyping ( Figure S1B ). Loss of JAM-C expression was assessed by RT-PCR, Western blot, and IHC on testis tissue obtained from wild-type, heterozygous, and homozygous mice (Figure S1C-E). Absence of JAM-C expression was also observed on HSCs cells in the BM ( Figure S1F ). In accordance with previously published observations, many Jam-C Ϫ/Ϫ mice died perinatally (Table S1) , some had megaesophagus (data not shown), and all mutant males were infertile, failing to produce mature spermatozoa ( Figure S1E ). 22, 56 Genotyping the offspring of heterozygous crosses at different developmental stages showed that Jam-C Ϫ/Ϫ mice were not found at expected frequency at 2 weeks after birth (3.8%). Although they were appropriately presented before birth (E18.5, 21.8%; Table 1 ), the majority of mutant mice died within 48 hours after birth (P2, (---•---) . Shown is the average of all mice of 3 independent experiments with an average of 5 animals per group that showed reconstitution above background level as determined by analysis of B6/SJL mice that did not receive transplants (Ն 0.4% B220 ϩ , and Ͼ 0% CD3 ϩ and CD11b/Gr-1 ϩ ). Significances are shown on the graph. **P Յ .01. For personal use only. on December 27, 2017. by guest www.bloodjournal.org From 6.7%). Some mutant mice were cyanotic and gasping for air shortly after birth, filling the intestine with bubbles. As these are possible signs of anemia, we measured hematologic parameters and peripheral blood counts of E18.5 embryos as well as mice 6 to 10 weeks of age. Adult mice showed a small but significant increase in the neutrophil count (P ϭ .049) compared with wild-type littermates (Table S2) . No difference in the white blood cell, lymphocyte, monocyte, or platelet counts was observed. The hemogram and red blood cell count did not show any differences between wild type and Jam-C Ϫ/Ϫ mice. In summary, we did not observe any difference in blood parameters in the surviving Jam-C Ϫ/Ϫ mice that could account for the phenotype observed in the neonates.
Immunophenotypic analysis of Jam-C ؊/؊ mice
Since JAM-C is expressed on HSCs in the BM, we analyzed the distribution of mature blood cell lineages in the BM of adult surviving mice by flow cytometry. A mild increase in BM cellularity was detected in Jam-C Ϫ/Ϫ mice when compared with wild-type littermates (P ϭ .057; Figure 4A ). The frequency of mature lymphoid and myeloid cells was not different between wild type and Jam-C Ϫ/Ϫ mice (Figure 4B,C) . Analysis of the total number of cells in the BM showed that the number of granulocytes was increased in Jam-C Ϫ/Ϫ mice (P ϭ .009; Figure 4D ), whereas the number of erythroblasts and B cells was not different. No abnormalities were observed in other immunologic tissues when comparing wild-type with Jam-C Ϫ/Ϫ mice. Mature T and B cells in the spleen were generated normally from HSCs, as were all major thymus subsets (Table S3 ). Taken together with the complete blood cell count, these data show that loss of JAM-C leads to an increase of granulocytes in the BM and subsequently of neutrophils in the blood, whereas generation of mature B and T cells is not affected.
Hematopoietic progenitor population in BM of Jam-C ؊/؊ mice
Next, we investigated the effect of Jam-C deficiency on the hematopoietic progenitors present in adult BM. We found the frequency within the BM and total numbers of the lineage-negative population to be normal in surviving Jam-C Ϫ/Ϫ mice ( Figure  5A,B) . Analysis of the frequency and total number of LSK cells, including LT-HSCs, ST-HSCs, and MPPs, did not show any differences between Jam-C Ϫ/Ϫ and wild-type animals ( Figure  5C-E) . However, analysis of the total number of BM progenitors showed a significant increase in the number of CMPs (P ϭ .032; Figure 5E ). As shown earlier, the myeloid-committed progenitors have the highest percentage of JAM-C-expressing cells among the lineage-committed progenitors ( Figure 1F) . In contrast, the number of CLPs, which show lower percentages of JAM-C-expressing cells, was not affected in Jam-C Ϫ/Ϫ mice. Analysis of BM stem cells and progenitors showed that loss of JAM-C leads to an increase in myeloid progenitors, but is otherwise not essential for hematopoiesis.
In order to compare the colony-formation capacity of myeloidcommitted precursors with wild-type and Jam-C Ϫ/Ϫ mice, we performed colony-forming assays by plating out fresh BM cells in methylcellulose supplemented with growth factors and cytokines. Enumeration of colony growth on day 10 showed that Jam-C Ϫ/Ϫderived cells had higher colony-forming ability than did control cells (P ϭ .034; Figure 5F ). This increase is caused by a higher number of erythroid colonies (erythroid burst-forming unit [BFU-E]; P ϭ .045) and possibly granulocyte-macrophage colonyforming units (CFU-G; P ϭ .078), but not by an increase of the most primitive in vitro colony-forming cell, the granulocyteerythroid-macrophage-megakaryocyte colony-forming unit (CFU-GEMM; P ϭ .92). These results indicate that the loss of JAM-C leads to an increased growth advantage for more mature myeloid progenitors in vitro.
Hematopoietic population in FLs of Jam-C ؊/؊ mice
The defect in the BM of Jam-C Ϫ/Ϫ mice could result from an impaired generation of fetal HSCs, defective migration to the BM or a defective BM environment. We therefore analyzed the HSC compartment in fetal Jam-C Ϫ/Ϫ mice. During embryonic development, hematopoiesis occurs within the FL. Expansion of the stem cell population occurs between E11 and E15, 57, 58 after which HSCs begin to migrate from the liver to the BM. HSCs in the FL are called LSA cells, identified by the surface expression of AA4.1 and Sca-1 on lineage-negative cells 59, 60 (Lin Ϫ Sca-1 ϩ AA4.1 ϩ ). JAM-C is highly expressed on LSA cells in the FL at E14.5 by flow cytometry (Figure 6A) . Jam-C Ϫ/Ϫ mice had similar numbers of total FL cells and LSA cells when compared with wild-type littermates ( Figure 6B ; Table S3 ). We found no difference in the frequency and total number of mature cells of the myeloid lineage-like erythroblasts (Ter119 ϩ ) and granulocytes (Gr-1/ CD11b ϩ ) ( Figure 6C ,D; Table S3 ). In summary, we found that Jam-C deficiency does not affect the number of HSCs and mature myeloid cells in the FL, despite the high expression levels on LSA cells. To identify functional defects in myeloid-committed progenitors in the FLs of Jam-C Ϫ/Ϫ mice, we compared their in vitro colony-formation ability. E14.5 FL-derived cells were plated in methylcellulose supplemented with growth factors supporting myeloid growth. Colony counts on day 10 showed a slight increase in CFU-GM (P ϭ .061) and a minor increase in total colonies (P ϭ .074) that was not statistically significant ( Figure 6E ). Next, we transplanted FL cells into lethally irradiated mice to assess whether there was an intrinsic engraftment defect. FL cells from either Jam-C Ϫ/Ϫ mice or wild-type littermate controls gave 100% survival. There was no difference in the extent of reconstitution by FL cells between Jam-C Ϫ/Ϫ mice and wild-type littermate controls ( Figure 6F) , and all blood cell lineages were equivalent long term (up to week 32; data not shown). These results show that the loss of JAM-C is not vital for myeloid progenitor development in the FL and seeding of the BM. Thus, the increase in myeloid progenitors in the adult BM is not likely to be the result of a developmental defect.
Discussion
In the present study, we show that the cell adhesion molecule JAM-C is highly expressed on HSCs and plays a role in myeloid progenitor generation. Expression levels correlate with selfrenewal and are maintained longest among myeloid-committed progenitors. Deletion of Jam-C resulted in an increase in myeloid progenitors and granulocytes in the BM of adult mice. The JAM-C ϩ Lin Ϫ population in the BM is composed of HSCs that produce all blood cell lineages long term, and nonrenewing myeloid progenitors in lethally irradiated mice. These results suggest that JAM-C is a cell-surface marker characterizing early progenitors within the BM and is regulating myeloid progenitor differentiation.
In Jam-C Ϫ/Ϫ mice that survive beyond weaning, the number of stem and progenitor cells was unaltered up to the stage of MPPs, indicating that JAM-C does not control the population size of the stem cell compartment. In contrast, the number of myeloidcommitted progenitors was increased, showing that JAM-C is important at the stage of myeloid lineage fate decision. Interestingly, the defect in the Jam-C Ϫ/Ϫ mice becomes apparent in a cell population that in wild-type animals expresses low levels of the protein. A study has shown that the gene expression program of the myeloid lineages is present in HSCs, 12 and that differentiation into the myeloid lineage is permissive. 61 Possibly, JAM-C mediates cues from the microenvironment influencing the balance between self-renewal and differentiation. Loss of JAM-C either through deletion of Jam-C or through low expression levels could activate the intrinsic default pathway, leading to an increase in myeloid lineage commitment.
Alternatively, the increase in granulocytes could be caused by a defect in migration, as JAM-C has been implicated in leukocyte migration across endothelial borders. [36] [37] [38] 62 Granulocyte recruitment into peripheral tissue in response to inflammation has been shown to involve JAM-C through its interaction with Mac-1 (␣ M ␤ 2 ; CD11b/CD18). 18, 34, 41 In our studies, Jam-C Ϫ/Ϫ mice show a granulocyte increase in the BM. However, the number of circulating neutrophils is only slightly affected, and no increase in immature neutrophils has been observed in the blood. This indicates that control of granulocyte egress is still functional, and cells are not released from the BM with an immature phenotype. In contrast to published data, 56 the degree of neutrophilia is modest, possibly due to the lack of infection in our mice. This is supported by the observation of Imhof et al that the number of circulating neutrophils is higher in moribund mice. Although mice with rescued expression of JAM-C on endothelial cells do not suffer from infections, 56 these mice still showed a trend toward increased circulating neutrophils compared with littermate controls. This corresponds to our observation and, possibly, additional defects to the one caused by loss of endothelial JAM-C could influence the number of granulocytes in the BM and subsequently those of circulating neutrophils. Including JAM-C as a marker on lineage-negative BM cells yields HSC enrichments that are comparable with previously identified markers, 48 and transfer of these cells leads to long-term multilineage reconstitution in lethally irradiated mice. The identification of simple combinations of markers that allow reliable identification and purification of the most primitive HSCs are of great interest. A large proportion of the sorted JAM-C ϩ cells grow in methylcellulose, and the colonies show phenotypes comparable with those grown from LSK cells. Nevertheless, there is a subpopulation of JAM-C ϩ cells whose growth is not supported in the cytokines provided. JAM-C is expressed on a variety of cell types such as endothelial cells 15, 17 and fibroblasts 19 which could be copurified with lineage-negative BM cells. In contrast to LSK cells, repopulation with JAM-C ϩ cells leads to a temporary increase in myeloid reconstitution, suggesting that in vivo expansion of the myeloid-committed progenitors contained within the JAM-C ϩ population is supported. These progenitors are non-self-renewing, leading to a normally sized myeloid compartment at later time points. In summary, JAM-C seems to identify HSCs in the BM that have long-term repopulation potential as well as non-self-renewing myeloid potential.
In summary, our studies provide the first evidence that JAM-C is expressed on HSCs in the BM and plays a role in the differentiation of HSCs into myeloid progenitors. Significantly, JAM-C defines a multipotent stem cell population able to reconstitute all blood cell lineages, and its loss leads to a deregulation of myeloid development. Using JAM-C as sole marker to purify HSCs from lineage-negative BM cells yields HSC enrichments similar to the previously identified markers Sca-1 and c-Kit. 48 The transfer of JAM-C ϩ cells leads to long-term multilineage reconstitution in lethally irradiated mice. Future studies will be needed to identify the specific mechanisms by which JAM-C regulates HSC differentiation.
